the general structure of a tail-to-tail dimer of adenosine phosphates. These compounds(n = 3~7) have many biological activities,1* such as the stimulation of DNA synthesis in Glarrested baby hamster kidney cells,2) a primer of DNApolymerase,3) the inhibition of protein kinase of Rous Sarcoma Virus,4) pleiotropical action as an alarmone5) and inhibition of humanplatelet aggregation.6) Humanplatelets were reported to contain large amounts of Ap4A and Ap3A.7) Attempts to synthesize these dinucleoside polyphosphates have been reported.8~10) Reiss and Moffatt isolated several diadenosine polyphosphates, with 4~24% yields, from a reaction mixture of adenosine S'-phosphomorpholidate and pyrophosphate (PPi) in anhydrous pyridine.8) Feldhaus et al. reported the synthesis of dinucleoside phosphates by means of activation with diphenyl phosphochloridate.9) Hamptonet al. reported an improved method,10) i.e. via trimeta-phosphate (P3). However, these methods give poor yields and a variety of by-products, and have to be carried out under anhydrous conditions.
We have 615 been interested in the enzymatic synthesis of ApnA, which would be of practical value as a synthetic method. Aminoacyl f-RNA synthetase (ARS) is an enzyme related to peptide synthesis on ribosomes. It is well knownthat in the first stage of aminoacyl f-RNA formation an amino acid (AA) reacts with ATP to form aminoacyl AMP(AA-AMP). Ap4A was first discovered by Zamecnik et al., 11] who showed that it could be formed in a reaction mixture containing E. coll lysyl r-RNA synthetase, ATP and mixture was incubated at 40°C for 8 hr, with the addition of 100him acetyl phosphate at intervals of 2hr. Synthesis of Ap5A. Ap5A was prepared on a smaller scale with either P3 or p4A as the nucleophile. In the case of P3, the standard reaction mixture (0.1~0.5ml) contained Leu (2.5mM), P3 (10mM), ATP (20mM), MgCl2 or other metals (20~50 mM), LeuRS (10,000~120,000 u/ml), PPase (0-2IU/ml) and buffer (100mM HEPES, TRIS, BICINE). In the case of p4A, P3 was replaced by 10~20mM p4A. The reaction was carried out at 40°C for l -22h
Large scale preparation of Ap5Awas carried out under the conditions with ATPregeneration. To a 100ml solutioncontaining2.5mM
Leu, 6mM ATP, 10mM P3, 10mM MgCl2, 100mM HEPES (pH 7.5), 40 IU/ml acetate kinase, 30IU/ml adenylate kinase and 10IU/ml PPase was added 35,000 u/ml LeuRS. The reaction mixture was incubated at 40°C for llhr.
ATP (3.5mM each) was fed four additional times into the reaction mixture and lOOmM acetyl phosphate was added at intervals of 1.5 hr. Isolation ofpnA and ApnAsodium salts. LeuRSwas recovered from the reaction mixture by ultra filtration, and then the filtrate and washings were combined and applied to a DEAE-Sepharosecolumn, which had been previously equilibrated with a 100mMtriethylammonium hydrogen carbonate solution. Products were eluted with a linear gradient, from 150mMto 650mM, in the same buffer.
The Ap4A, Ap5A or p4A fractions were combined and then evaporated to dryness in a rotary evaporator. The resultant white solid was redissolved in methanol and then sodium iodide in acetone was added, followed by conversion to the sodium salt according to the procedure of Reiss and Moffatt.8) The salt was filtered and then dried. The salt gave a single peak on HPLC, and identical [*H] and [31P] NMRspectra to an authentic sample. HPLC. The products were analyzed with a Waters HPLC system (Model 721, Pump 510, Detector 481, Data module 730 and Novapak C18 column, 8mmx 10cm). The flow rate was 3ml/min. The columnwas eluted with a linear gradient of from 10 to 30% acetonitrile in an aqueous 5 mMtetrabutylammonium bromide, 10 mMpotassium phosphate (pH 8.0) solution, and the effluent was monitored at 260 nm.
NMR. [lH]
NMR ( Table I . If we can improve the yield as shown later in this paper, this enzymatic method will be very 1mMAp4Aand LeuRS were incubated at 40°C in the presence of 10mM Leu and the formation of nucleotides was monitored. As shown in Fig. 1 , the gradual formation of AMP, ADP, ATP and Ap3A was accompanied by a concomitant decrease in Ap4A, while such a change was not detected in the absence of LeuRS (Fig. lb) .
When PPi and KF, a specific inhibitor of PPase, were added to the reaction mixture, as shown in Fig. l(b) , the formation of ATP increased because PPi accelerates the reverse reaction of Leu-AMP-LeuRS-+ATP and Leu.
On the other hand, the addition of PPase to the reaction system accelerated the AMPformation enormously because Leu-AMP-LeuRS once formed from Ap4Ais easily hydrolyzed. In this case neither ATPnor ADPwas formed (data not shown). These facts indicate that the reverse reaction from Ap4Aproceeds via a common intermediate, a Leu-AMP-LeuRS complex.
Wefound that Ap5Aand p4A are produced through the same reverse reaction (data not shown).
2.3. PPase requirement. For evaluation of the necessity of the hydrolysis of PPi to phosphates for the progress of the reaction, the reaction was carried out in the absence and presence of PPase, as shown in Fig. 2 . ApnA formation hardly occurred before the addition of PPase, but the reaction immediately proceeded after PPase had been added.
3. p4A Synthesis p4A was easily prepared through this enzymatic reaction with P3 as the nucleophile. Whena 2.5 molar excess, as to ATPof P3 was used, LeuRS synthesized p4A effectively.
As shown in Fig. 3 , the reaction proceeded smoothly and gave p4A in a yield of 84%.
In this reaction, the formation of AMP,ADP or Ap4A was hardly detected. During the reaction, no loss of LeuRSactivity was observed. This indicates the usefulness of the thermostable enzyme.
Ap^A Synthesis
Ap4A is synthesized through the Leu-AMPLeuRS reaction with ATP as the nucleophile. The optimum pH for this reaction is 6.5~7.5. It has been reported that the formation of Ap4A by some ARSs is specifically accelerated in the presence of the Zn2 + ion.12' 13) Therefore, we examined the effects of metal ions on the present reaction. The results are summarized in Table II . Nospecific metal ion acceleration was observed for this enzyme. However, the presence of a divalent cation, Mg2+, Mn2+ or Ca2+, was necessary for the production of the Ap4A. were not detected. Through coupling with the ATPrecycling system, AMPand ADPwere removedfrom the reaction mixture and consequently Ap3Awas also not detected. The yield ofAp4A reached as high as 98% and the conversion to Ap4A, from ATP, was almost 100%.
Ap5A Synthesis
The order of biological activities of ApnAis as follows; Ap5A > Ap4A=Ap6A» Ap3A > Ap2A.6) Hence establishing a practical means of synthesizing Ap5A is of great value. We can synthesize Ap5A from ATP and p4A. The time course of the formation of Ap5A from equimolar amounts of p4A and ATP is shown in Fig. 6(a) , and the time course in the case of two equivalents of ATPand one equivalent of P3 is shown in Fig. 6(b) . Although the main product was Ap5A in both reactions, Ap4A, AMP,etc. were also formed. The amount of the by-product, Ap4A, was larger under former than the latter conditions. ATPreacts with P3 to form p4A preferentially, followed by the consecutive main reaction with p4A to form Ap5A.Under these conditions, we can decrease the formation of the by-product, Ap4A, and, furthrmore the formation of other by-products, AMP, ADP and Ap3A, can be suppressed by coupling with the ATP recycling system involving AKand AdK.
As shown in Fig. 7 , Ap5A was synthesized in The pH optimum of the Ap5A synthesizing reaction was 7.5^8.5. The optimum concentration of Mg2+was 10~30niM. Metals affected Ap5Asynthesis in a similar manner to in the case ofAp4A synthesis. The Mg2+, Mn2+
and Zn2+ ions were effective, but about 3 times ADPformation was detected in the presence ofZn2+ as compared to with Mg2+or Mn2+.
Other cations were not effective for this reaction.
Discussion
A variety of ApnAs and p^As could be synthesized through catalysis by LeuRS from B. stearothermophilus. Twodifferent mechanisms for the Ap4Asynthesizing reaction with ARS have been reported, i.e., the reaction proceeds through an amino acid dependent
or through an amino acid independent one, Eq.
(2).22>
The former mechanism is genrally accepted. We also concluded that Leu-AMP-LeuRS is the commonintermediate in the present reactions. The presence of Leu was indispensable for the progress of these reactions, while the Kmvalue was rather small (7/im). The occurrence of the reverse reactions from Ap5A and p4A as well as Ap4A (Fig. 1) The diadenosine polyphosphate formation reaction described in this paper has quite wide applications as a synthetic tool. It is applicable to the synthesis of many mixed dinuclotides, such as Ap3dA, Ap3G, Ap3C, Ap3U, Ap4dA, Ap4Gpp, dAp4dA, etc. (C, cytidine; U, uridine; Gpp, guanosine S'-diphosphate).
Although there are organic methods for synthesizing these nucleotides, the enzymatic method presented here is of great advantage for the following reasons. It proceeds with a high conversion ratio and little by-product formation. Since it proceeds in an aqueous solution, the target product can be easily isolated by chromatography. 
